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ABSTRACT: The separation of xenon and krypton from their mixtures has been an enduring and complex venture
due to their similar sizes and unreactive nature. Metal—organic frameworks (MOFs) have shown the potential to
complete these challenging separations by utilizing pressure-swing adsorption (PSA) as a sustainable alternative to
current cryogenic distillation techniques. To rationally design materials to better realize this goal, two main
approaches have emerged: pore-size optimized and polarizability-based separations. To ascertain the efficacy of
these strategies, we designed a series of UiO-type MOFs with terphenyl linkers that systematically varied their steric
and electronic properties, including —Me, —F, —TMS, and —I functionalities, to assess their interactions with xenon
and krypton. The prepared MOFs are all isoreticular and have similar pore size distributions, allowing us to directly
evaluate the effects imposed by the functional groups. We found that the xenon uptake could be increased with
greater polarizability of the functional group (—F < —Me ~ —TMS < —I), whereas the selectivities seem to follow a
trend more related to pore-steric effects (—TMS < —1 < —Me < —F).

he isolation of noble gases from their mixtures is an

important challenge in the fields of separations and

materials science because of their spherical, monatomic,
and highly unreactive natures.'~ In particular, the separation of
xenon and krypton mixtures, often obtained as off-gases from the
reprocessing of spent nuclear fuel (SNF), is of significance due
to their different radioactivity, toxicity, and applications as well
as the challenges associated with their effective and efficient
separation.”” These SNF off-gases contain mixtures of isotopes
of krypton and xenon® with varied radioactivity, and special
attention must be placed on *Kr and '**Xe, the most abundant
radioisotopes.”® ®Kr is a toxic -emitter, with a long half-life of
t,/» = 10.76 years, which should be captured and kept in nuclear
waste storage.8 135X e is a much less radioactive -emitter, with a
much shorter half-life of only t,,, = 5.243 days, and is largely
depleted by the time of reprocessing.” The recovered xenon has
many practical uses in areas such as radiomedicine, lighting,
electronics, and ion propulsion.9 Currently, cryogenic distil-
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lation is the best-performing and most industrially viable
method for the separation of these two gases, but it is an energy
expensive process.” ” ">

Utilizing pressure-swing adsorption (PSA) is a sustainable
alternative to cryogenic distillation,”"* and porous metal—
organic frameworks (MOFs) offer the possibility of addressing
this challenge in a systematic manner.”~>”'>'*7** Many studies
have focused on optimizing different factors of MOFs to achieve
efficient separation, such as pore size 0ptimizati0n,5’19’21_24 use

of open metal coordination sites,””**™*” and targeted host—
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Figure 1. (a) Kinetic diameter and static polarizabilities of xenon
and krypton. (b) UiO-68 unit cell showing octahedral and
tetrahedral pore (yellow and orange sphere, respectively). (c)
Functionalized organic links used in this study.

guest interactions.”® Several materials emphasize precise pore
matching to design pores that are slightly larger than the kinetic
diameter of xenon (3.96 A, Figure la) to separate these
gases.”™?" For example, MOF-74,>" [Co3(HCOO);];,,"°
SBMOF-1,"” and CROFOUR-1-Ni*” follow this approach and
are some of the best-performing adsorbents so far. More

recently, a squarate-based cobalt MOF, Co;CgH,0,,*" attained
the highest reported Xe/Kr separation selectivity of 51.4 (based
on Henry’s law constants from breakthrough experiments in the
absence of other competing gases), mainly as a result of the
confinement effect from having a pore size of 4.1 A X 4.3 A. This
pore-size matching strategy, however, has limitations because of
the similar size of both gases, having only a 0.36 A difference in
kinetic diameter (Figure la), requiring highly tailored MOF
architectures with very precise pore sizes.

An alternative approach is to take advantage of the differences
in the electronic properties of the gases, such as exploiting their
difference in polarizability (Figure 1a), to favor interaction of
one gas with the MOF more than with the other. This idea takes
advantage of the “heavy atom effect,” where highly polarizable
groups interact preferentially with larger atoms (resembling
soft—soft interactions).”” >* The only two systematic studies
that address these electronic interactions were performed on
monohalogenated derivatives of IRMOF-1 (Zn-based)**** and
functionalized derivatives of UiO-66 (Zr-based).”® The
IRMOF-1 study showed that, by including highly polarizable
iodine as part of the terephthalate link, higher selectivities were
achieved than when functionalizing with Br, Cl, or F, and the
UiO-66 study showed a positive correlation between Xe/Kr
selectivity and polarized ligands. While these examples have
shown high Xe uptake, they result in lower gas selectivity
compared to the previous sterics-based methods.

From the viewpoint of physical organic chemistry, where a
high degree of synthetic control can be exerted over organic
structures, tuning the links of MOFs allows for the possibility of
introducing many functional groups to ascertain the nature of
their gas separation ability, whether it be steric- or electronic-
based. This inspired us to devise a MOF system that is easy to

Scheme 1. Synthesis of Functionalized Organic Links and MOFs
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functionalize systematically, stable to humidity, and amenable to
sterically demanding groups to understand their type of
interactions with Xe and Kr. Here, we prepared a family of
UiO-68 derivative MOFs (Figure 1b), composed of water-stable
zirconia clusters and terphenyl dicarboxylic acid linkers, that
contain pores that range between 10 and 15 A. To probe
differences in both steric and electronic effects, we designed
organic links that contain functional groups of varied steric and
electronic natures in the central ring of the terphenyl (Figure
1c), specifically: methyl (—Me), fluorine (—F), trimethysilyl
(—SiMe;, —TMS), and iodine (—I) groups. By varying the
functional groups on the organic links, we created a series of
MOFs (UiO-68-Me,, UiO-68-F,, UiO-68-TMS,, UiO-68-1,)
with the objective of studying their interactions with xenon and
krypton to better understand the role of sterics and electronics in
these challenging separations. The prepared MOFs are all
isoreticular with similar pore size distributions, only differing in
the nature of the side groups attached to the linkers. We
observed that increased polarizability of the functional group
greatly increased the uptake of Xe (UiO-68-F, < UiO-68-Me, ~
Ui0-68-TMS, < UiO-68-1,) while sterics showed a greater
effect on the selectivities by increasing the pore size of the MOFs
(Ui0-68-TMS, < Ui0-68-1, < UiO-68-Me, < UiO-68-F,).

We prepared MOFs isoreticular to UiO-68 whose organic
links contain groups of different size and polarizability in the
central ring of the terphenyl. These linkers contain —Me (3a),
—F (3b), —TMS (3c), and —I (3d) groups, as depicted in Figure
1lc. As shown in Scheme 1, —Me,, —F,, and —TMS, linkers 3a—c
were prepared via Pd-catalyzed Suzuki coupling of dibromo-
benzene derivatives la, 1b, and 1c, respectively, with 4-
formylphenyl boronic acid (4-FPBA) followed by KMnO,
oxidation. —I, linker 3d was prepared via ICl exchange of the
TMS group in 2¢ followed by KMnO, oxidation. Oxidation of
the aldehydes was chosen as the final step because we found that
other intermediates toward carboxylic acids, such as alkyl esters,
nitriles, acetyls, or methyls, instead of aldehydes, were
prohibitively insoluble, whereas the aldehyde approach provided
all the desired linkers with high purities and high yields.
Solvothermal crystallization of these linkers in N,N-dimethyl-
formamide (DMF) in the presence of ZrCl, and monocarbox-
ylic acid modulators for 2—4 days (Scheme 1; see more in the
Supporting Information (SI)) resulted in crystalline materials
that exhibit sharp diffraction lines with patterns similar to UiO-
68 (Figure 2), confirming the formation of isoreticular
frameworks UiO-68-Me,, UiO-68-F,, UiO-68-TMS,, and
UiO-68-1,.

Crystal models of the four MOFs were created using Materials
Studio modeling suite’” starting from the crystal structure of
Ui0-68, adding the specific functional groups for UiO-68-Me,),
UiO-68-TMS, and UiO-68-1, (ideal symmetry Fm3) and UiO-
68-F, (ideal symmetry Fm3m), and then geometry-optimized
with the Forcite module using the Universal Force Field
(UFF).”® These models were used to perform Rietveld
refinement’® of the experimental PXRD patterns, resulting in
lattice parameters a = 33.946(16) A, a = 32.872(4) A, a =
33.261(931) A, and a = 33.407(13) A for UiO-68-Me,, UiO-68-
F,, UiO-68-TMS,, and UiO-68-I,, respectively, with low
residuals (see the SI). All the MOFs are microporous, as
evidenced by their Type II isotherm (Figure 3a), with
Brunauer—Emmett—Teller (BET) surface areas of 2600, 2580,
1420, and 1280 m* g™, respectively. We determined the pore
size distribution (Figure 3b) using nonlocal density functional
theory (NLDFT) methods modeled with the experimental
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Figure 2. Refined powder X-ray diffractions (PXRDs) of the
prepared MOFs, evidencing their isoreticular nature.

isotherms to understand the steric effects that these MOFs
cause. All of the MOFs exhibited a bimodal distribution
characteristic of the UiO-type MOFs, which contain tetrahedral
and octahedral pores (Figure 1b). Interestingly, we observed a
very similar pore size distribution in all four MOFs, regardless of
the bulkiness of the functional group, likely associated with the
small changes in lattice parameter observed, although it is
important to note that the NLDFT kernel is only able to
approximate the MOF surface, given that it is a metal oxide-
organic pore, not a cylindrical oxide pore. This similarity in pore
size allowed us to directly observe the trends imposed by the
polarizability effects of the functional groups in the adsorption.

When the xenon and krypton isotherms were initially
analyzed, the adsorption was quantitatively compared as moles
of gas per kilogram of MOF (Figures S19 and S20), as is
convention, but we determined that this places too great of an
emphasis on the molecular weights of the functional groups, a
factor that is not directly responsible in their adsorption
capabilities. To account for this, the gas adsorption was
compared as moles of gas per mole of MOF unit cells for all
gases measured, which has the same value as number of
molecules per unit cell. For nitrogen adsorption, the surface
areas decrease as a function of how the substituent decreases in
size, from TMS < I < Me < F (Figures S17 and S18; Table S2).
This trend shows how bulky groups like TMS occupy large
portions of the pore resulting in lower uptakes. With respect to
Xe/Kr adsorption, as seen in Figure 4, the uptakes increase with
increasing polarizability: UiO-68-F, < UiO-68-Me, ~ UiO-68-
TMS, < UiO-68-1,. Also, the sterics imposed by the
functionalities have a much lower effect on the uptake, as
UiO-68-TMS, and UiO-68-Me, are very similar in their uptake
despite the pore size difference imposed by the groups.

A different trend emerges, however, when comparing the
selectivities of xenon over krypton of the MOFs (Sxe/k:)
calculated with eq 1:
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(1)
where ky; corresponds to the Henry’s Law constant of adsorption
for the respective gas. By calculating the Henry's Law constants
at low pressures (0.01—4 kPa), the selectivities follow an
increasing trend of UiO-68-TMS, < UiO-68-1, < UiO-68-Me, <
UiO-68-F,, with values between 4 and 5 (Table 1). These
selectivity values are much lower than those in other MOFs such
as CROFOUR-1-Ni*” or Co,C4H,0,,,”" which are unfunction-
alized and have high selectivity due to their pore sterics. Sikora et
al. found from large data simulations of over 137 000 MOFs that
the selectivities increase according to a pore-steric effect,
improving significantly as the pore size approaches the kinetic
diameter of xenon.** The pore size range in our MOFs (11-16
A) is far larger than the optimal theoretical range,” so in our
materials the Xe/Kr selectivity is dominated only by the pore-
steric effects. Previously Meek et al. demonstrated that the
IRMOF-2-X series had increased selectivities for the more
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Figure 4. (a) Xe and (b) Kr adsorption isotherms of the
functionalized MOFs, measured as a function of moles of gas per
mole of MOF.

polarizable monohalogenated linkers.” For UiO-type MOFs,
Lee et al. found that the more donating groups on the linker, the
greater the selectivity, while electron-withdrawing groups lower
the selectivity.”® The MOFs studied herein do not follow either
of these trends, suggesting that the electronic effects are
negligible at these pore size ranges, and the variation in the
thermodynamic selectivities only ranges from 4.00 (UiO-68-
TMS,) to 4.96 (UiO-68-F,). A separate study measuring the
kinetic selectivities of our MOFs using frequency response or
zero-length column experiments may provide additional insight
into the design of these types of materials."' ~* We found that
increasing the polarizability of the linkers increases the total Xe
uptake without considerable effect from the size of the
functional group, whereas the selectivity may be more strongly
dependent on the pore-steric effects. The Ideal Adsorbed
Solution Theory (IAST) selectivities of all four MOFs at an
industrially relevant 20:80 Xe:Kr composition mixture exhibit a
similar increasing trend of UiO-68-TMS, (Sixs1 = 3.86) < UiO-
68-1, (Sjaqr = 4.25) < UiO-68-Me, (Siagt = 4.42) < UiO-68-F,
(SiasT = 520) as the selectivities calculated from the Henry’s law
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Table 1. Xe/Kr adsorption uptakes and selectivities

Uptake at 100 kPa (mol kg™")

Henry's law constant, ky (mol kg™ kPa™)

MOFs Xe Kr
UiO-68-Me, 1.41 0.41
UiO-68-F, 0.55 0.15
UiO-68-TMS, 1.23 0.40
UiO-68-1, 1.27 0.40

Xe Kr Selectivity (from eq 1)
1.93 x 10* 423 x 10° 4.57
9.39 x 10° 1.89 x 10° 4.96
1.60 X 10* 4.00 x 10° 4.00
1.91 x 10* 4.54 x 10° 421

constant (Figure S27 and Table S3) and are comparable to the
IAST selectivities at the same conditions for UiO-66 (Sjzgr =
6.7), MIL-100 (S;ss7 = 5.1), and MIL-101 (Sg7 = 4.2).* When
attempting to simulate the adsorption isotherms utilizing
GCMC calculations, no direct correlation was seen between
functional group polarizability, uptake, or selectivity (Figures
$25 and S26). These disagreements were similarly observed by
Meek et al. and are likely due to the limitations of handling
polarizability with the UFF in these types of calculations.”

In terms of their real-world applications, the MOFs were
subjected to water stability and long-term exposure measure-
ments. By comparing the BET surface areas before and after
measuring the water vapor isotherms of the MOFs (Figures
$28—S31), the stabilities were determined as follows: UiO-68-1,
< Ui0-68-Me, < UiO-68-TMS, < UiO-68-F,. The increasing
stability of the MOFs is likely related to the hydrophobicity of
their functional groups,”” with UiO-68-1, having the greatest
decrease in its surface area perhaps due to the iodine group
having an increased hydrophilicity compared to the other
functional groups tested.*® The MOFs were also exposed to the
ambient environment for more than 1 month to assess their shelf
life stability. Through the comparison of their PXRDs pre- and
post-exposure (Figures $32—S35), all the MOFs were shown to
maintain their crystallinity, aside from UiO-68-1,.

In conclusion, a family of functionalized zirconia MOFs was
designed to systematically evaluate the effects of steric and
electronic properties on their xenon and krypton adsorption and
separation capabilities. A positive correlation between the
polarizability of the functional group and total xenon uptake
was found along with a selectivity trend related to their pore
sterics. These results offer a means of identifying MOF
characteristics that can be emulated to rationally design linkers
for specific applications in these challenging separations and
provide a basis for the development of MOFs for use in PSA as a
sustainable alternative for noble gas separations.
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